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Bead-embedded inoculum of P. aeruginosa 160 Preparation of alginate beads with P. aeruginosa was carried out according to a method described 161 by Sønderholm et al. (Sønderholm et al., 2017) . Subsequently, beads were divided (10 beads per 162 vial) into vials (Oximate Vial, PerkinElmer Inc., USA) containing 15 mL LB medium. Vials were 163 sealed with Parafilm M (oxygen permeable) and incubated at 37°C on an orbital shaker at 180 rpm. 164 Anoxic and normoxic CFU counts were determined from beads and from the surrounding 165 suspension from the same vials on each sampling day (day 3, 6, 8, 12, 19 and 21) . Two beads were 166 sampled per biological replicate (n=4). Before determination of CFU, the beads were washed twice 167 with 0.9 % NaCl to remove non-attached cells and transferred to 1.5 mL microcentrifuge tubes 168 (Sigma-Aldrich, USA). One-hundred microliters of 0.1 M sodium carbonate (Na2CO3) followed by 169 100 µL of 0.04 M citric acid was added to the tubes to dissolve the beads. The suspensions were 170 then sonicated (5 min degas + 5 minutes sonication; Bransonic ultrasonic cleaner 2510, Emerson 171 Electric, USA) before ten-fold dilution series were performed in 0.9 % NaCl. CFU was determined 172 by plating three, 10 µL-drops per dilution per replicate. Anoxic CFU determinations were 173 performed inside an anaerobic chamber on LB plates supplemented with 10 mM NO3 -. The same 174 dilution series were applied to normoxic CFU determination outside the anaerobic chamber on LB 175 plates with 10 mM NO3 -. Plates were incubated 2 days before counting CFU.
176
Filter biofilms with P. aeruginosa 177 This protocol was adapted to grow reproducible biofilms under anoxic and normoxic conditions. 178 The method has previously been described by Bjarnsholt et al. (2015) . The filter biofilms were kept 179 on the same LB plates throughout the experiment. P. aeruginosa was propagated from frozen stock 180 and grown overnight in 20 mL LB medium at 37°C on an orbital shaker at180 rpm. Cultures were 181 adjusted to an optical density of 0.05 (OD600; UV spectrophotometer UV-1800 UV-VIS, Shimadzu 182 corporation, JP) and 10 µL was transferred to the cellulose nitrate membrane filters (25 mm in diameter, GE Healthcare Life Sciences, UK). Plates were incubated under normoxic and anoxic 184 conditions and kept in plastic bags with wet paper to avoid dehydration. Two filters were sampled 185 per biological replicate (n=4) on each sampling day (day 1, 3, 7, 15 and 17) . Filters were removed, 186 placed in 10 mL tubes containing 5 mL 0.9 % NaCl, vortexed thoroughly (one min.) and sonicated 187 (5 min degas + 5 minutes sonication). CFU/mL was determined as previously described. (day 1, 3, 5, 9, 11, 14, 16, 18, 21 and 28) . Normoxic 197 plating was carried out on LB plates with and without 10 mM NO3to test whether presence of NO3 -198 affected the number of CFU. Two mL (2 x 1 mL = 2 technical replicates) were sampled per 199 biological replicate (n=4) on each sampling day. CFU/mL was determined as previously described.
200
Colonies of P. aeruginosa 201 P. aeruginosa was propagated from frozen stock and grown overnight in 20 mL LB media at 37 o C 202 on an orbital shaker at 180 rpm. The cultures were then streaked onto LB plates supplemented with 203 10 mM NO3 -. Plates were incubated under normoxic and anoxic conditions and kept in plastic bags 204 with wet paper to avoid dehydration. A one-μl loop was used to sample colony material from each 205 biological replicate (n=3) on each sampling day (day 6, 9, 13, 15 and 20) . Colonies were transferred 206 to 1.5mL microcentrifuge tubes (Sigma-Aldrich, Denmark) with 0.5 mL 0.9 % NaCl, vortexed 207 Oxygen restriction generates DTC pathogens 10 thoroughly (1 min) and sonicated (5 min degas + 5 minutes sonication). CFU/mL was determined 208 as previously described. biofilm method was used as described earlier. For the methicillin susceptible strain, CFU was 233 determined in the same way as described for the filters with P. aeruginosa. For the remaining 234 strains, CFU was determined at day 1 and 9 on LB plates supplemented with 10 mM NO3 -± O2.
235
Furthermore, CFU was determined on LB plates supplemented with 10 mM NO3and 0.3 % sodium 236 pyruvate to evaluate the effect of ROS. A minimum of three biological replicates was performed 237 and CFU was carried out in the same way as described earlier. x 100]. Data that were not part of the long-term 250 experiments were instead analyzed with a 1-way ANOVA followed by Tukey's multiple 251 comparison tests or an unpaired t-test. A p-value ≤ 0.05 was considered statistically significant. The 252 tests were performed with either Prism 6.1 (GraphPad Software, La Jolla, USA) or SAS v.9.4 (SAS
253
Institute Inc., Cary, NC, USA).
255

Results
256
Direct viable counts with LIVE/DEAD staining revealed a VBNC P. aeruginosa population. 257 Direct viable counts were carried out for 16-day-old, anoxically conditioned batch cultures of P. 258 aeruginosa to investigate if anoxic conditioning could generate a VBNC population. Findings were 259 compared to normoxic and anoxic plating (plating methods) performed on LB plates supplemented 260 with 10 mM NO3 - (Fig. 1B) . Anoxic plating yielded a significantly (p = 0.023) higher count of 261 colony forming units per milliliter (CFU/mL) than normoxic plating (0.85 log values ± 0.04 SD).
262
When comparing bacterial plate counts with direct viable counting, significantly more viable cells 263 were measured compared to normoxic (2.31 log values ± 0.47 SD, p < 0.0001) and anoxic plating 264 (1.46 log values ± 0.5 SD, p = 0.0009). The cells represented by this difference were considered 265 VBNC. Direct viable counts were also performed on 24-hour-old batch cultures to investigate 266 whether findings of VBNC P. aeruginosa were restricted to anoxically conditioned cells. No 267 difference in bacterial counts was observed ( Fig. 1A) . and anoxic conditions and plate counts were compared from the beads (biofilm) and the 275 surrounding media (planktonic) of the same vials over a period of 21 days ( Fig. 2A and 2B , 276 respectively). The log difference was significantly (p = 0.003) higher for biofilm than planktonic 277 cells (Fig. 2C ). The cells represented by this difference were considered to be in a difficult-to- 
280
P. aeruginosa was also grown anoxically or normoxically on a filter biofilm model using LB plates 281 supplemented with 10 mM NO3over a period of 17 days. CFU/mL was then determined using 282 anoxic and normoxic plating, as above ( Fig. 3A and 3B, respectively) . The log difference between 283 plating methods was significantly (p = 0.01) higher for anoxically conditioned biofilms than 284 normoxically conditioned biofilms (Fig. 3C ). The fraction of DTC P. aeruginosa ranged from six to 285 23 % from day three to 17 (Fig. S1 ).
286
Similar results were obtained for anoxically and normoxically conditioned planktonic batch cultures 287 of P. aeruginosa over a period of 28 days ( Fig. 4A and 4B , respectively). The log difference 288 between plating methods was significantly (p < 0.0001) higher for anoxically conditioned batch 289 cultures (Fig. 3C) . The fraction of DTC bacteria ranged from 60 to 90 % from day nine to 21 ( Fig.   290 S1).
291
The effect of anoxic conditioning was further investigated on colonies of P. aeruginosa grown on 292 LB plates supplemented with 10 mM NO3under anoxic and normoxic conditions over a period of 293 20 days ( Fig. 5A and 5B , respectively). The log difference between plating methods was 294 significantly higher (p < 0.0001) for anoxically conditioned colonies (Fig. 5C ). The fraction of DTC 295 P. aeruginosa ranged from 12 to 46 % from day six to 20 (Fig. S1 ). 296 297 10 mM NO3in LB plates did not affect CFU/mL in batch cultures of P. aeruginosa. 298 To ensure that presence of NO3did not affect the number of CFU generated on LB plates, CFU/mL 299 was determined anoxically (LB plates + 10 mM NO3 -) and normoxically (LB plates ± 10 mM NO3 -) 300 from 24-hour-old batch cultures of P. aeruginosa. No difference was observed between type of 301 plating (p = 0.93): anoxic log CFU/mL + NO3 -= 9.96 (± 0.22 SD), normoxic log CFU/mL + NO3 -= 302 Oxygen restriction generates DTC pathogens 14 9.91 (± 0.10 SD) and normoxic log CFU/mL -NO3 -= 9.91 (± 0.14 SD). Furthermore, there was no 303 effect of NO3supplementation on normoxic plating in the prolonged experiment with 28-day-old 304 batch cultures ( Fig. 4A and 4B) . It was not possible to detect growth of P. aeruginosa on LB plates 305 under anoxic conditions without NO3 -, but growth was observed when these plates subsequently 306 were placed under normoxic conditions. CFU/mL compared to plating without sodium pyruvate (Fig. 6B ). This was not the case in 24-hour-315 old batch cultures of P. aeruginosa (p = 0.62), indicating that the effect was restricted to anoxically 316 conditioned cells (Fig. 6A ). Presence of catalase also significantly (p = 0.03) improved normoxic 317 plate counts compared to normoxic plating without catalase (Fig. 6B) . These results show that 318 hydrogen peroxide is involved in the induction of a DTC state created by anoxic conditioning. To 319 add proof to this hypothesis, a similar experiment was carried out with a catalase deficient P. 320 aeruginosa mutant (ΔkatA PAO1), which is more susceptible to oxidative stress (Hassett et al., 321 1999; Jensen et al., 2014) . The log difference between plating methods for the ΔkatA mutant and 322 reference strain was significantly (p = 0.00002, unpaired t-test) different. These log difference 323 values were 3.02 ± 0.05 SD and 1.61 ± 0.07 SD for ΔkatA PAO1 and the reference strain, 324 respectively ( Fig. 6C) . Moreover, measurement of ROS and optical density (OD) was carried out 325 for P. aeruginosa at day 1, 8 and 16 from anoxically and normoxically conditioned batch cultures.
These results showed creation of ROS during normoxic growth. The longer PAO1 was anoxically 327 conditioned; the lower was the following normoxic growth, as measured by OD. This effect was 328 less pronounced for normoxically-conditioned cells (Fig.7 A-C) . The effect of anoxic conditioning was then tested on a selected group of pathogens to determine if 333 this phenomenon was restricted to P. aeruginosa. S. aureus (methicillin susceptible) was tested as 334 described in the P. aeruginosa filter biofilm setup. Plate counts for anoxically and normoxically 335 conditioned filters was determined ( Fig. 8A and 8B , respectively). The log difference between 336 plating method was significantly higher (p < 0.001) when plate counts were performed from 337 anoxically conditioned filter biofilms than from normoxically conditioned filter biofilms (Fig. 8C ).
338
The fraction of DTC S. aureus ranged from three to 89 % from day one to day 17 (Fig. S1 ). Since 339 both P. aeruginosa and S. aureus demonstrated effects of anoxic conditioning, a smaller experiment 340 was initiated to test other pathogens. The effect was determined on LB plates supplemented with 10 341 mM NO3 -± sodium pyruvate to investigate if ROS were involved in the lack of growth. Both S. 342 aureus (MRSA) and S. epidermidis showed effects of anoxic conditioning, resulting in an 343 significant (p = 0.01 and p = 0.03, respectively) increase in CFU/mL during anoxic plating 344 compared to normoxic plating (Fig. S2) . The fraction of DTC S. aureus (MRSA) and S. epidermidis 345 was 36 and 42 % at day 9, respectively. There was no observed effect of sodium pyruvate during 346 normoxic plating for these two strains. In the case of E. coli and E. faecalis, there was no observed 347 effect of anoxic conditioning (Fig. S3 ). detected as increased growth during anoxic plating with NO3 -, has previously been generated in 359 planktonic P. aeruginosa by energy starvation after cultivation without O2 as electron acceptor for 360 aerobic respiration (Binnerup, 1993) . In vitro biofilms of P. aeruginosa may contain internal anoxic 361 zones (Walters et al., 2003; Kolpen et al., 2016) , so we hypothesized that anoxia inside the biofilm 362 contributes to the induction of DTC P. aeruginosa. Accordingly, DTC P. aeruginosa was only 363 observed in the filter biofilm model and the colony model when the model was anoxically 364 conditioned. Interestingly, we found that 99.68 % of the population was VBNC with the 365 LIVE/DEAD assay after anoxic conditioning. LIVE/DEAD staining is based upon membrane 366 permeability and is only an approximation of true viability. Cells that were stained both red and 367 green (resulting in yellow) were counted as dead cells but may still be viable.
368
Approximately 50 % of the population in the alginate beads was DTC even though they were kept 369 in normoxically-conditioned vials. In comparison, the fraction of DTC cells was approximately 90 370 % in the anoxically conditioned batch cultures. The difference (90 % vs. 50 %) may be explained 371 by the fact that a majority of the bacteria in the beads are peripherally located where they have 372 increased access to oxygen compared to the center of the beads (Sønderholm et al., 2017) . In 373 comparison, bacteria from the anoxically conditioned batch cultures were fully deprived of O2. In the present study, the effect of anoxic conditioning was restricted to an intermediate period. This is 375 probably due to the static methodological setup. Dynamic processes, such as entry of nutrients and 376 removal of waste, occur during infection and are not modeled here (Brown et al., 2008) .
377
Nevertheless, this is not the first time a "resuscitation window" has been described for non-378 culturable bacteria. Similar studies have shown that VBNC bacteria can only be detected in an 379 intermediate period of culturing (Pinto et al., 2015) .
380
ROS restricts growth of anoxically conditioned P. aeruginosa 381 The DTC fraction of bacteria in this study was O2 intolerant given that growth only was achievable 382 when NO3served as an alternative electron acceptor during anaerobic respiration. This led us to 383 investigate whether this phenomena was due to oxidizing properties of ROS created by incomplete 384 reduction of O2 during aerobic respiration (Fenchel and Finlay, 2008) . Sodium pyruvate increased 385 counts for anoxically conditioned P. aeruginosa during normoxic plating (roughly 43 % of the DTC 386 population) and we believe that it was due to its properties as a ROS scavenger (Mizunoe et al., aureus were significantly (p = 0.01 and p = 0.03, respectively) affected by anoxic conditioning, 408 whereas E. coli and E. faecalis were not. The results in this study points toward an intermediate 409 period where anoxic conditioned bacteria are benefitted by anoxic incubation with nitrate as 410 alternative electron acceptor. We cannot rule out that we missed the period where E. coli and E. 411 faecalis were DTC, given that they were tested at selected days. No effect of sodium pyruvate was 412 found during normoxic plating for any of these tested organisms, suggesting that ROS is not 413 involved in the loss of culturability for these pathogens, but additional ROS scavengers should be 414 tested. 
568
Bacteria were stained with LIVE/DEAD staining to estimate the proportion of viable ("live") and 569 non-viable ("dead") cells. There was significantly more viable bacterial counts when applying 570 direct viable counting in comparison to normoxic plating (p < 0.0001, one-way ANOVA test) and 571 anoxic plating (p = 0.0009, one-way ANOVA). Anoxic plating yielded significantly higher bacterial 572 counts (p = 0.023, one-way ANOVA test) than normoxic plating. Symbols with error bars indicate 573 the mean ± SEM (n = 3). + NO3refers to the addition of 10 mM KNO3 to LB agar plates. represents the difference in mean log CFU/mL between plating methods from the suspension and 583 the beads, respectively. The log difference was significantly higher (p = 0.003, linear regression) in 584 the beads than the surrounding suspension. Symbols with error bars indicate the mean + confidence ± SEM (n = 4). + NO3refers to the addition of 10 mM KNO3 to LB agar plates. The log difference 592 (C) represents the difference in mean log CFU/mL between plating methods from the normoxically 593 and anoxically conditioned filters, respectively. The log difference was significantly higher (p = 594 0.01, linear regression) in the anoxically conditioned filters than the normoxically conditioned.
595
Symbols with error bars indicate the mean + confidence intervals.
